The syndrome of resistance to thyroid hormone (RTH) is an inherited disorder involving a mutation of the thyroid hormone receptor (TR) gene. Mutant (m) TR inhibits wild-type (wt) TR functions in a dominant negative manner, and this dominant negative effect (DNE) is a crucial factor in RTH pathogenesis. The molecular mechanism of the DNE is still unclear, although several possibilities (including competition between wt-and mTRs at the T 3 response element (TRE), sequestration of TR-associated protein(s) and titration out of functional TR) have been considered. Here we report that the DNE of mTRs is strongly correlated with their binding avidity for the retinoid X receptor (RXR), and especially for corepressor SMRT (silencing mediator for retinoid and thyroid hormone receptor), but not for the nuclear receptor corepressor, NCoR. The DNE of six natural TRs and four artificially constructed mTRs was assayed using a TR reporter gene containing TRE-DR4 (DR=direct repeat), TRE-pal (pal=palindrome) or TRE-lap (lap=inverted palindrome) in CV1 cells treated with 10 nM T 3 . Of the mTRs examined, F451X (with a carboxy-terminal 11-amino-acid truncation) identified in a patient with RTH exhibited the strongest DNE on all TREs. The binding affinities between mTRs and corepressors SMRT or NCoR were quantified using a two-hybrid interference assay system consisting of VP16-TR(LBD) (LBD=ligand binding domain) and Gal4(DBD)-SMRT (DBD=DNA binding domain), or Gal4(DBD)-NCoR respectively, together with the Gal4 reporter gene. In this assay, VP16-TR(LBD) and Gal4(DBD)-SMRT (or Gal4 (DBD)-NCoR) interact with each other and trans-activate the Gal4 reporter gene. When an equal amount of mTR is coexpressed, it reduces the transcriptional activity of the reporter gene, depending on its binding avidity for a corepressor. A very strong correlation was observed between the SMRT-binding activity and the potency of the DNE among six natural mTRs and also among all mTRs, including four artificially constructed ones. The relationship between NCoR and DNE, however, was not significant. When we assayed the binding avidity of mTRs for RXR by using a two-hybrid assay system consisting of Gal4(DBD)-RXR(LBD) and VP16-TR(LBD), a significant correlation between DNE and binding avidity for the RXR was also observed. These results suggest that a corepressor plays an important role in DNE pathogenesis.
Introduction
The syndrome of resistance to thyroid hormone (RTH) is an inherited disorder involving target-tissue hyporesponsiveness to thyroid hormone (TR). Since the first report by Refetoff et al. (1967) , many patients with RTH have been described. In most of them, nucleotide substitutions in one of their TR alleles have been identified. Because a patient with RTH has one normal TR allele as well as two normal TR alleles, the abnormal TR allele is thought to inhibit the functioning of the normal TR alleles. The parents of the patient first reported by Refetoff et al. (1967) were phenotypically normal in spite of their loss of one TR allele (Takeda et al. 1992) . This suggests that a decrease in the amount of TR itself is not sufficient to induce RTH, and that the presence of an abnormal TR allele is crucial.
The molecular mechanism by which mutant (m) TR inhibits the functions of wild-type (wt) TR in a dominant negative manner is still unclear. The DNA-binding properties of mTRs and their capacity to dimerize activity with the retinoid X receptor (RXR) are known to be important in dominant negative inhibition (Meier et al. 1993) . It has been reported that artificially constructed mTR alleles with amino acid substitutions in the DNA-binding domains and dimerization regions do not exhibit dominant negative effects (DNEs) (Nagaya et al. 1996) . One hypothesis is that mTR forms a functionally inactive heterodimeric complex with the RXR and binds to the TRE, thereby competing with the normal TR/RXR for a target DNA site. However, if competition between mTR/RXR and wtTR/RXR on a TRE is the only causative mechanism for the DNE, the strength of the DNE should be completely dependent on the affinity of binding to the TRE. No data have been reported showing that mTRs with stronger DNEs have stronger TREbinding activities, or that the binding affinities for the TRE among various mTR/RXR heterodimers are strongly correlated with the potencies of their DNEs. It is therefore thought that some additional causative factors are likely to be involved in RTH pathogenesis.
In recent years, many transcriptional co-activators, including those of the SRC family and others, have been identified (McKenna et al. 1999) . Mutant TR may sequester some of these important transcriptional coactivators. In addition to co-activators, corepressors such as SMRT (silencing mediator for retinoid and thyroid hormone receptor) and NCoR (nuclear receptor corepressor) have also been shown to mediate the silencing activity of unliganded TR and the retinoic acid receptor (RAR) (Chen & Evans 1995 , Horlein et al. 1995 . Recent reports suggest that binding of some mTR s with corepressors is required for the DNE (Yoh et al. 1997 , Nagaya et al. 1998 , Tagami & Jameson 1998 ). Here we report that the strength of the DNE among natural mTRs is strongly correlated with their binding avidity for the corepressor SMRT, suggesting that SMRT plays an important role in DNE pathogenesis.
Materials and Methods

Plasmids
The following plasmids were used in the experiments: pCMX expression vectors containing wt human TR 1 (pCMX-hTR 1), the natural mutants TR 1F451X (Miyoshi et al. 1995 ), R338W (Sasaki et al. 1993 ), K443E (Sasaki et al. 1992 , G345R (Sakurai et al. 1989 ), E449X (Miyoshi et al. 1998 and L456fs (Bhat et al. 1995) , and the artificially constructed mutants TR 1 L428R (Nagaya & Jameson 1993), R338W/K443E (Andoh et al. 1996) , R338W/F451X (Andoh et al. 1996) and G345R/K443E (Andoh et al. 1996) . Their T 3 -binding, DNA-binding and transcriptional activities had been reported previously. All of the mTRs had severely impaired T 3 -binding activities (Nagaya & Jameson 1993 , Andoh et al. 1996 , Miyoshi et al. 1998 , except for R338W, which showed a tendency towards slightly, but not significantly, higher T 3 binding compared with other mutant TRs (Andoh et al. 1996) . The mammalian two-hybrid interference assays involved the use of pCMX expression vectors containing the fusion proteins Gal4(DBD)-RXR (LBD), Gal4(DBD)-SMRT, and Gal4(DBD)-NCoR, in which the carboxy-terminus of the DNA-binding domain (DBD) of yeast nuclear transcription factor Gal4 was fused to the ligand-binding domain (LBD) of human RXR , the interacting domain of human corepressors SMRT or NCoR respectively and VP16-TR(LBD), in which the activation domain of herpes simplex virus transcriptional factor VP16 was linked to the amino-terminus of the LBD of human TR 1. As reporter genes, a chloramphenicol acetyl transferase (CAT) reporter gene containing TRE-DR4, two copies of a palindrome (pal2) and an inverted palindrome (lap), and a luciferase gene containing three copies of Gal4 response element (Galpx3-tk-Luc) were used. The nucleotide sequences of TREs used in this study have been described elsewhere (Nishiyama et al. 1998) . The structures of the mTRs used in this study are shown in Fig. 1 .
Cell culture, transient transfection and measurement of DNEs of mTRs
CV1 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (FCS), penicillin G (100 U/ml) and streptomycin (100 µg/ml). The cells were trypsinized and plated in 60-mm dishes 24 h prior to transient transfection using calcium phosphate. Cells at a density of 10 6 cells/plate were transfected with 0·18 µg wt-and/or mTR 1 expression vector along with 1·8 µg CAT reporter gene, 3·6 µg -galactosidase expression vector pCH111 (a modified version of pCH110; Pharmacia LKB Biotechnology, Piscataway, NJ, USA) and pBlueScript II-SK(+) (Stratagene, La Jolla, CA, USA) as carrier DNA (a total of 7·2 µg DNA per dish). After the cells had been exposed to the calcium phosphate/DNA precipitate for 20 h, the medium was replaced with fresh DMEM containing 10% FCS depleted of thyroid hormone (Samuels et al. 1979) , supplemented with 10 nM T 3 . After incubation for an additional 24 h, the cells were harvested and the CAT activity was measured as described previously (Nordeen et al. 1987) . The transfection efficiency was normalized using the -galactosidase assay. The CAT activity was measured in 10 nM T 3 -treated CV1 cells expressing wtTR only or expressing equal amounts of wt-and mTRs. The dominant negative effect of mTR was calculated as the % of the CAT activity driven by wtTR. Our previous data (Andoh et al. 1996) and current study (data not shown) demonstrated that the DNEs of many mTRs were maximal at 10 nM T 3 when various concentrations (1 nM to 1 µM) of T 3 were tested. The dominant inhibitory potency of mTR was calculated as the ratio between the CAT activities in cells expressing wtTR and those in cells expressing both wt-and mTR.
Mammalian two-hybrid interference assay
The expression plasmids for Gal4(DBD)-RXR(LBD) and VP16-TR(LBD) were transfected into CV1 cells along with the Gal4 reporter plasmid (Galpx3-tk-Luc). To detect interference activities of wt-and mTRs, pCMX encoding wtTR 1 or mTR was cotransfected into the cells. The VP16-driven luciferase activity of the Gal4 reporter gene was taken as 100% when empty expression vector pCMX was transfected (the control activity), and was expressed as a percentage of the control activity when wt-and mTR were coexpressed. Since coexpressed TR interferes with the Gal4(DBD)-RXR(LBD) and VP16-TR(LBD) interaction by binding to the RXR(LBD), the decrease in the luciferase activity represents the RXRbinding activity of the mTR. The potency of the binding mTR to the RXR was calculated as the ratio between the control luciferase activity and the activity in cells coexpressing the mTR. Similarly, the binding activities for mTR and corepressors SMRT and NCoR were assayed in the cells expressed with VP16-TR(LBD) and Gal4(DBD)-SMRT or -NCoR respectively, together with the Gal4 reporter gene. The potency of binding of mTR to the corepressor was calculated in a manner similar to that used to calculate the RXR-binding potency.
Statistical analysis
The statistical significances of differences in the CAT and luciferase activities were determined by using analysis of variance (ANOVA) and Fisher's Protected Least Significant Difference test, with STATVIEW 4·0 (Abacus Concepts, Berkeley, CA, USA).
Results
Dominant negative activities of mutant TRs
Each mTR was expressed in CV1 cells together with an equal amount of wtTR, and the transcriptional activity was measured using three different reporter genes containing TRE-DR4, -pal2 or -lap. The dominant negative activities of mTRs against wtTR function were thus 11 and 13 indicate the carboxy-terminal 11-and 13-amino-acid deletions respectively. , Amino acid substitutions; fs, frame shift. obtained (Fig. 2) . Of ten mTRs, F451X exhibited the strongest inhibition against the wtTR transcriptional activity on all three TREs. On the other hand, L428R, which has impaired dimerization capacity (Nagaya & Jameson 1993), did not show any dominant negative inhibition of the wtTR function. As previously reported (Andoh et al. 1996) , introduction of the R338W mutation, but not of the G345R mutation, weakened the dominant negative activity of K443E.
Dominant negative activity and SMRT
Binding avidity for SMRT of mutant TR measured by mammalian two-hybrid interference assay
The binding avidity of each mutant TR for corepressor SMRT was measured in CV1 cells by using a mammalian two-hybrid interference assay consisting of VP16-TR(LBD) and Gal4(DBD) fused with the interacting domain of SMRT (Gal4-SMRT). When expressed in the cells, TR(LBD) and SMRT interacted with each other and the Gal4 reporter gene was strongly trans-activated. Coexpression of wt-or mTR reduced the luciferase activity of the reporter gene by interfering with the TR(LBD) and SMRT interaction. The decrease in the luciferase activity was dependent on the interference potency of mTR. This two-hybrid interference assay system allowed us to estimate the binding activities of 167wt-and mutant full-length TRs, not the LBD, to SMRT. The results are shown in Fig. 3 . As expected, L428R did not interfere with Gal4(DBD)-SMRT and VP16-TR(LBD) association, whilst F451X exhibited the strongest binding, to SMRT, of all the TRs examined.
Correlation between dominant negative activity and SMRT binding avidity of mutant TRs
The DNE of each mTR was calculated for each TRE as the potency relative to wtTR, using the data shown in Fig. 2 . The binding avidity for SMRT was calculated as the relative potency of interference between the Gal4(DBD)-SMRT and VP16-TR(LBD) interaction. When the DNEs of six natural mTRs identified in patients with RTH were plotted versus their SMRT binding avidity (Fig. 4 , a strong correlation was observed between the two activities on all three TREs. When the data of the four artificially constructed mTRs were included, significance of the correlation became much higher.
Binding avidity of mutant TRs for NCoR and correlation with dominant negative activity
The binding activity of mutant TRs for another corepressor, NCoR, was assayed using VP16-TR(LBD) and Gal4(DBD) fused with the interacting domain of NCoR (Gal4-NCoR) expressed in CV1 cells. Expression of an empty vector (pCMX) did not interfere with the TR(LBD) and NCoR interaction, and the Gal4 reporter gene was trans-activated, whereas expression of wtand mTRs disrupted the interaction of the two-hybrid proteins, resulting in a decrease in the luciferase activity (Fig. 5) . When the DNEs were plotted against the NCoR-binding activity of mTRs, no significant correlation was found between them on all three TREs among six natural mTRs or among all mTRs (Fig. 6 ).
Binding avidity of mutant TR for RXR and correlation with dominant negative activity
We next examined the relationship between the DNE and the RXR binding avidity of mTRs. The binding avidity of mTRs for the RXR was measured using the two-hybrid interference assay system consisting of Gal4(DBD)-RXR(LBD) and VP16-TR(LBD). The association between the LBD of wtTR and the LBD of the RXR led to activation of the Gal4 reporter gene, and mTR was coexpressed in the cells; this disrupted the association and reduced the luciferase activity of the Gal4 reporter gene, depending on the RXR binding avidity of the mTR (Fig. 7) . When the binding avidity for RXR was calculated as the relative potency of interference between the Gal4(DBD)-RXR(LBD) and VP16-TR(LBD) interaction and plotted against the DNE, a significant correlation was observed between them for each TRE among six natural mTRs (Fig. 8) or for all mTRs.
Discussion
Dominant negative inhibition of normal TR functions by mTR is crucial in the pathogenesis of RTH. Several different models have been proposed for the mechanism of DNE. Most of the mTRs identified in patients with RTH have impaired T 3 binding and the mTR/RXR heterodimer is transcriptionally inactive. Functionally inactive mTR/RXR heterodimers occupy the target DNA site, thereby preventing access of a normal TR/RXR complex to the TRE. Mutant TR may dimerize with normal TR and form an inactive complex between mutant and normal TRs, resulting in titration out of the remaining functional TR. Similarly, titration out of the RXR by mTR is conceivable, but this possibility seems unlikely since expression of large amounts of the RXR does not eliminate the DNE of mTRs (Yen & Chin 1994) . Alternatively, mTR may sequester some transcriptionally important factor(s) which is/are limiting in the cells. This possibility is considered to be highly likely because, recently, many transcriptional co-activators have been identified (McKenna et al. 1999) . Of course, these models Figure 4 Correlation between the binding avidities of ten mutant TRs for SMRT and the dominant negative activities measured on TRE-DR4 (a), TRE-pal2 (b) and TRE-lap (c). The potency of the dominant negative activity was calculated as the ratio between the CAT activities with expression of wt TR and those with expression of mTR (from the data shown in Fig. 2 ). The binding avidity for SMRT was calculated as the ratio between the luciferase activities with expression of pCMX and those with expression of mTR (from the data shown in Fig. 3 ). Solid lines represent correlation among six natural mTRs (); dotted lines represent correlation among all mTRs, including four artificially constructed mTRs ().
are not mutually exclusive; mTR/RXR heterodimers may compete with the normal TR/RXR for the TRE and titrate out a transcriptional factor whilst simultaneously reducing the amount of functional TR. Many co-activators and corepressors that are required by TR for efficient transcriptional regulation have been identified. The association of these transcriptional cofactors with DNE has recently been investigated. For example, Collingwood et al. (1997) found that a natural mTR of RTH, L454 V, had a markedly reduced ability to interact with SRC-1 and that coexpression of SRC-1 restored the transcriptional activity of mutant L454 V. They also reported that another natural mutant, T277A, exhibited an impaired transcriptional activity because of its reduced co-activator binding . Liu et al. (1998) reported data suggesting that inability to interact with co-activators such as SRC-1 could be a determinant of the DNE of mTRs. On the other hand, Clifton- reported that disproportionately impaired release of corepressors from mutant receptor R383H by T 3 might mediate the DNE on negatively regulated genes. Similarly, Tagami et al. (1998) found that L454S had a Figure 5 The binding avidity of mTR for NCoR, measured using a mammalian two-hybrid interference assay system. Expression vectors for Gal4(DBD)-NCoR and VP16-TR(LBD) were transfected into CV1 cells together with the pCMX empty vector or each mTR vector. The luciferase activities were measured using a Gal4 reporter gene. The transcriptional activity in the cells with only pCMX expression (the control activity) is shown as 100% and that with mTR expression is calculated as a percentage of the control activity. Artificially constructed mTRs are represented by shaded bars. The results represent the means S.D. of four experiments. (1998) found that mTRs with a mutation in the hinge region had reduced T 3 binding when complexed to DNA, preventing NCoR dissociation from the receptors. Recent studies (e.g. on P214R) have shown that the introduction of a mutation into the hinge region abolishes or abrogates the DNE of RTH mutants (Tagami & Jameson 1998 , Nagaya et al. 1998 . Although these studies of CoR-box mutations suggest that a corepressor interaction plays a critical role in the DNE, the idea that introduction of a mutation into the hinge region may change the TR structure drastically, resulting in some unexpected alterations in the ligand and co-activator association, is a possibility that cannot be completely ruled out. In the present study, we measured the binding of ten mTR s to the RXR, the corepressor SMRT and NCoR, using a mammalian two-hybrid interference assay system in CV1 cells. We found a very strong correlation between binding avidity for corepressor SMRT and dominant negative potency among six natural mTRs. The correlation coefficients were surprisingly high on three different TREs.
Dominant negative activity and SMRT
The affinity of binding to the RXR also showed a significant, but less remarkable, correlation with the DNE. Our data in this study lend further support to the view that a corepressor is important in DNE pathogenesis. It is interesting that the binding avidity for another corepressor, NCoR, did not show a significant correlation with the potency of the DNE, in spite of the fact that SMRT and NCoR are highly homologous in their structures and functions (McKenna et al. 1999) . However, the two corepressors may not necessarily be identical in their functional properties. In fact, it is known that SMRT and NCoR exhibit differences in some aspects. RevErb, for example, interacts with NCoR but not with SMRT (Zamir et al. 1996) . Similarly, the orphan receptor DAX-1 interacts with NCoR, but not with SMRT (Crawford et al. 1998) . In the study of the cell-specific silencing activity of the RAR reported by Baniahmad et al. (1998) , the RAR -silencing activity was potentiated sixfold by the expression of SMRT, but not NCoR, in CV1 cells, whereas no effects were observed in L cells. These workers suggested that SMRT and NCoR have differential effects on nuclear receptors in a cell-dependent manner. SMRT and NCoR are expressed ubiquitously (Misiti et al. 1998) and it is currently unclear how they play distinct roles as corepressors. Our finding indicates that SMRT, not NCoR, is a predominant functional corepressor in CV1 cells, at least under our assay conditions.
Since the two-hybrid assay system that we used is principally based on competitive binding interference, expression of each competitor mTR protein at an equal level in the cells is required for accurate measurement of the binding avidity for the corepressor. Although it is not easy to estimate each mTR protein concentration accurately, we consider that the differences in DNE and the interaction with SMRT are not due to the different mTR protein expression. First, in a separate study, we constructed wt-and mTRs tagged amino-terminally with a FLAG sequence and assessed the TR proteins expressed in Figure 6 Correlation between the binding avidities of six natural mTRs () and four artificially constructed mTRs () for NCoR and the dominant negative activities measured on TRE-DR4 (a), TRE-pal2 (b) and TRE-lap (c). The potency of the dominant negative activity was calculated as the ratio between the CAT activities with expression of wt TR and those with expression of mTR (from the data shown in Fig. 2) . The binding avidity for NCoR was calculated as the ratio between the luciferase activities with expression of pCMX and those with expression of mutant TR (from the data shown in Fig. 5 ).
CV1 cells under the same experimental conditions as those used in the present study by immunoblot analysis using anti-FLAG antibody. The immunoblot analysis demonstrated no apparent differences in the densities of the FLAG-fused TR bands among wt TR 1, F451X and E449X and among wt TR 1, F397X and E395X (Nishiyama et al. 2000) . Secondly, the DNE potencies of mTRs were strongly correlated with their SMRT binding avidities, but not with NCoR. If the different TR protein levels caused the correlation between DNE and SMRT, a significant correlation should also be found between DNE and NCoR.
A two-hybrid interference assay is a good, sensitive method for quantitative analysis of RXR binding affinity. Using this method, we found a significant correlation between the RXR-binding activity and the DNE among mTRs. Since heterodimer formation between the TR and the RXR is required for corepressor binding (Zhang et al. 1997) , the significant correlation we found seems plausible; an mTR with higher binding affinity to the RXR forms a more stable heterodimer complex with the RXR and, consequently, may recruit SMRT more vigorously. Taken together, the findings suggest the following model for the mechanism of RTH: a mutant TR Figure 7 The RXR binding avidity of mTR, measured using a mammalian two-hybrid interference assay system. Gal4(DBD)-RXR(LBD) and VP16-TR(LBD) with the Gal4 reporter gene in CV1 cells. The empty vector for pCMX or the expression vector for each mTR was cotransfected. Luciferase activities were measured and normalized to -galactosidase activity. The transcriptional activity in the cells with only pCMX expression (the control activity) is shown as 100% and that with mTR expression is calculated as a percentage of the control activity. The decrease in the luciferase activity represents the binding avidity, for RXR, of each mTR. Artificially constructed mTRs are represented by shaded bars.
heterodimerizes with the RXR and recruits a corepressor (SMRT in our experimental conditions) and can there occupy the target DNA site, the TRE. The receptor complex represses the transcriptional activity of the gene, depending on the binding potency of the mTR for the corepressor. At the same time, the mTR/RXR complex prevents the normal TR/RXR from binding to the TRE and may also titrate out the functional TR and/or some transcriptional factor(s).
Figure 8
Correlation between binding avidity of ten mutant TRs for RXR and the dominant negative activity measured on TRE-DR4 (a), TRE-pal2 (b) and TRE-lap (c). The potency of the dominant negative activity was calculated as the ratio between the CAT activities expressed with wt TR and those expressed with mTR (from the data shown in Fig. 2) . The binding avidity for RXR was calculated as the ratio between the luciferase activities with expression of pCMX and those with expression of mTR (data from Fig. 7) . Solid lines represent correlations among six natural mTRs (); dotted lines represent correlations among all mTRs, including four artificially constructed mTRs (). 
